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 1 
Abstract 1 
 2 
The North American dipole (NAD) represents a meridional dipole of sea level 3 
pressure (SLP) anomalies over the western tropical North Atlantic and northeastern 4 
North America. This study demonstrates that the NAD is intimately linked to the 5 
development of the Pacific meridional mode (PMM). In addition to the North Pacific 6 
Oscillation (NPO), the NAD provides another important remote forcing source to 7 
trigger the PMM. The NAD influences the PMM through both direct and indirect 8 
pathways. The direct effect is that the winter NAD influences the sea surface 9 
temperature (SST) and surface winds over the northeastern subtropical Pacific (NESP) 10 
through concurrent anticyclonic flow associated with the NAD, which tends to 11 
generate a weak initial warming over the NESP region during late winter and early 12 
spring. The indirect effect is that the NAD first induces SST cooling over the northern 13 
tropical Atlantic (NTA) during spring, and the NTA SST cooling then generates a 14 
low-level anticyclonic flow anomaly over the NESP, which further strengthens the 15 
surface warming over the NESP, thereby causing the development of the PMM in the 16 
following months. The NAD can also exert an influence on the El Niño-Southern 17 
Oscillation (ENSO) through its effects on the PMM. In particular, El Niño episodes 18 
led by the combined NAD-PMM events tend to take the form of the Central Pacific El 19 
Niño, rather than the canonical eastern Pacific El Niño. We suggest that a better 20 
understanding of the NAD-PMM-ENSO dynamic link could be useful for the 21 
prediction of different types of El Niño event. 22 
 23 
 2 
1. Introduction 24 
 25 
Previous studies have suggested that atmospheric variability originating outside 26 
the tropical Pacific may influence the onset of the El Niño-Southern Oscillation 27 
(ENSO) [e.g., Li, 1990; Vimont et al., 2001, 2003a, b; Anderson, 2003, 2013; Jin and 28 
Kirtman, 2009; Alexander et al., 2010; Yu et al., 2010; Yu and Kim, 2011; Hong et al., 29 
2014; Ding et al., 2015a, b, 2017a; Tseng et al., 2017]. In particular, the North Pacific 30 
Oscillation (NPO), the second leading mode of sea level pressure (SLP) variability 31 
over the North Pacific [Walker and Bliss, 1932; Rogers, 1981], has been shown to 32 
affect ENSO onset through the seasonal footprinting mechanism (SFM) [Vimont et al., 33 
2003a, b]. The SFM hypothesized that fluctuations in the wintertime (hereafter, 34 
seasons refer to those for the northern hemisphere) NPO leave a footprint in sea 35 
surface temperatures (SST) by altering surface heat fluxes. These SST anomalies in 36 
turn persist until summer in the subtropical North Pacific. The overlying atmosphere 37 
in turn responds to these SSTs, resulting in surface zonal wind anomalies over the 38 
equatorial Pacific that are conducive to initiating an ENSO event. In addition to the 39 
SST signature, changes in the wind stress curl associated with the NPO drive an 40 
anomalous meridional Sverdrup transport that ultimately produces a buildup of heat 41 
content in the equatorial Pacific subsurface, which can subsequently favor the 42 
development of an ENSO event (the trade wind charging mechanism) [Anderson, 43 
2004; Anderson et al., 2013]. 44 
A particularly important part of the NPO-induced SST footprint is a meridional 45 
gradient of SST anomalies in the northeastern subtropical Pacific (NESP) that couples 46 
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strongly to anomalous southwesterlies in the northeasterly trade regime, referred to as 47 
the Pacific meridional mode (PMM) [Chiang and Vimont, 2004]. Chang et al. [2007] 48 
indicated that the PMM is driven by the NPO by changing the northeasterly trade 49 
winds on its southern flank during winter. Zonal wind stress anomalies associated 50 
with the PMM can act as a wind stress trigger for ENSO events [Chang et al., 2007; 51 
Larson and Kirtman, 2013] by exciting equatorial Kelvin waves that alter the 52 
thermocline depth and in turn the SST in the eastern equatorial Pacific [Thomas and 53 
Vimont, 2016]. The Atlantic counterpart to the PMM is referred to as the Atlantic 54 
meridional mode (AMM) [Chiang and Vimont, 2004]. Similarly, a few studies have 55 
demonstrated the existence of a close connection between extratropical atmospheric 56 
variability such as the North Atlantic Oscillation (NAO) [Hurrell, 1995; Li and Wang, 57 
2003], AMM, and the Atlantic equatorial mode (often called the Atlantic ENSO mode) 58 
[Servain et al., 1999; Czaja et al., 2002]. 59 
The aforementioned studies documented the respective influences of 60 
extratropical atmospheric variability over the North Pacific (North Atlantic) on 61 
tropical Pacific (Atlantic) variability through the meridional modes. Recently, Ding et 62 
al. [2017b] reported that a meridional dipole of SLP anomalies over the western 63 
tropical North Atlantic and northeastern North America, called the North American 64 
dipole (NAD), could influence ENSO variability. They demonstrated that the 65 
mechanism through the NAD influences ENSO is similar to the subtropical 66 
teleconnection mechanism proposed by Ham et al. [2013] to illustrate the effect of 67 
SST anomalies in the northern tropical Atlantic (NTA) on subsequent ENSO events. 68 
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That is, the wintertime NAD forces the NTA negative SST anomalies during spring. 69 
The NTA cooling can lead to a low-level anticyclonic flow over the NESP that then 70 
generates a low-level cyclonic flow over the western North Pacific over the course of 71 
the following months. This cyclonic flow generates westerly anomalies over the 72 
western equatorial Pacific that may trigger an El Niño event the following winter. 73 
While Ding et al. [2017b] have discussed the influences of the NAD on SST and 74 
surface winds over the NESP, where the PMM is defined, the connection between the 75 
NAD and PMM and its relevant dynamical processes have not been documented. 76 
The present study aims to investigate the delayed effect of the wintertime NAD 77 
on the PMM. In contrast to most previous studies that mainly stressed the impact of 78 
North Pacific atmospheric variability on the PMM [Chang et al., 2007; Zhang et al., 79 
2009; Yu et al., 2010; Yu and Kim, 2011], we will show that the NAD-like 80 
atmospheric variability originating from North America and the North Atlantic may 81 
also have an important impact on the PMM. We will illustrate that the NAD can 82 
directly exert an effect on the PMM through concurrent anticyclonic flow associated 83 
with the NAD, different from the subtropical teleconnection mechanism of Ham et al. 84 
[2013] that highlights the vital role of the NTA SST in influencing tropical Pacific 85 
variability. In addition to building the relationship between the NAD and PMM, we 86 
further explore the role of the PMM in linking the NAD to ENSO. We will show that 87 
the PMM also acts as an effective conduit for the NAD and NTA SST influence on 88 
ENSO. The rest of this paper is structured as follows. In section 2, the various datasets 89 
and indices employed are described. Statistical links between the NAD and PMM are 90 
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presented in section 3. Possible mechanisms for the connections between the NAD 91 
and PMM are then discussed in section 4. Section 5 examines the connection between 92 
the NAD and PMM in the Coupled Model Intercomparison Project Phase 5 (CMIP5) 93 
pre-industrial simulations. Section 6 investigates the importance of the PMM in 94 
linking the NAD to ENSO. Our major findings are summarized and discussed in 95 
section 7. 96 
 97 
2. Data and methods 98 
 99 
a. Observed and modeled datasets 100 
 101 
Atmospheric fields including SLP, surface winds, and stream function employed 102 
in this study originate from the National Centers for Environmental 103 
Prediction/National Center for Atmospheric Research (NCEP/NCAR) project 104 
(1948–2015) [Kalnay et al., 1996]. The precipitation field employed in our analysis is 105 
from the Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP) 106 
dataset (1979–2015) [Xie and Arkin, 1997]. The CMAP precipitation dataset is on a 107 
2.5° by 2.5° horizontal grid globally. The SST data are from the National Oceanic and 108 
Atmospheric Administration (NOAA) Extended Reconstructed SST, version 4 109 
[ERSSTv4; Smith et al., 2008]. The ERSSTv4 dataset resides on a horizontal 110 
resolution of 2° × 2° and runs from 1854 to 2015. The ocean temperature, total 111 
downward heat flux at surface, and oceanic circulation data are from the NCEP 112 
Global Ocean Data Assimilation System (GODAS) (1980–2015) [Behringer et al., 113 
1998]. This product has a 1/3  1/3 horizontal resolution in the tropics, and has 40 114 
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vertical levels with 10-m resolution near the sea surface. 115 
Our analysis focuses on the period 1979–2015, as the reanalysis atmosphere, SST, 116 
and precipitation data are all obtainable for this period. Monthly anomalies were 117 
calculated by removing the 1981 to 2010 climatological means for each month. All 118 
data are linearly detrended before calculation. 119 
In addition to the observational data, we also used the pre-industrial simulations 120 
from 23 climate models participated in the CMIP5. Given that the simulation length 121 
varies from model to model, outputs from the last 100 years of each run were used for 122 
the analysis. 123 
 124 
b. The NAD index 125 
 126 
The NAD represents a meridional dipole of SLP anomalies over the western 127 
tropical North Atlantic and northeastern North America. Following Ding et al. 128 
[2017b], the NAD index was defined as the difference of normalized SLP anomalies 129 
between the southern (93–58°W, 9–29°N) and northern (77–43°W, 53–68°N) poles. It 130 
should be noted that the NAD is different from the North American zonal dipole, 131 
which has been recently referred to in the literature as an east-west dipole concerning 132 
temperature extremes across North America [Wang et al., 2014, 2015]. 133 
The NAD is strongest in winter and weakest in summer [Ding et al., 2017b]. 134 
Figure 1a shows the spatial pattern of winter [December–February (DJF)] averaged 135 
SLP anomalies correlated with the winter NAD index. We note that the NAD-related 136 
SLP pattern exhibits a north–south dipole structure over northeastern North America 137 
 7 
to the western tropical North Atlantic. Figure 1b shows the time series of the winter 138 
NAD index. As pointed out by Ding et al. [2017b], although SLP anomalies 139 
associated with the NAD, NAO, and the Pacific–North America (PNA) teleconnection 140 
pattern [Horel and Wallace, 1981; Wallace and Gutzler, 1981] overlap over some 141 
regions of the North America and western North Atlantic, the NAD has its own 142 
variability independent of the NAO and PNA.  143 
 144 
c. The PMM index 145 
 146 
Following the method of Chiang and Vimont [2004], the PMM spatial pattern is 147 
defined by applying Maximum Covariance Analysis (MCA) to tropical Pacific SST 148 
and 10m winds over the region (175°E–95°W, 21°S–32°N). To define the spatial 149 
pattern, the data are first spatially smoothed (three longitude by two latitude points). 150 
Next, the seasonal cycle is removed, the data are detrended, a three month running 151 
mean is applied to the data, and influences of the equatorial Pacific Cold Tongue 152 
Index (SST averaged over 180°–90°W, 6°S–6°N) are subtracted (via linear regression) 153 
from each spatial point. After the PMM spatial pattern was determined, the two 154 
monthly time series (referred to as the PMM-wind index and the PMM-SST index, 155 
respectively) were obtained by projecting the 10m wind or SST field onto the 156 
corresponding spatial pattern resulting from the MCA. Chiang and Vimont [2004] 157 
reported that the PMM-wind index leads the PMM-SST index by one month, and the 158 
PMM-SST index peaks in variance during spring [March–May (MAM)], following 159 
the late winter/early spring [January–March (JFM)] peak variance in the PMM-wind 160 
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index. 161 
 162 
3. Establishing the NAD–PMM relationship 163 
 164 
Figure 2a shows the correlations of the PMM-wind index during April–June 165 
(AMJ) with the previous winter SLP anomalies. The PMM pattern is indeed 166 
significantly related to a previous winter NPO-like dipole pattern of SLP anomalies 167 
over the North Pacific, in agreement with previous work [Chang et al., 2007; Zhang et 168 
al., 2009; Yu et al., 2010; Yu and Kim, 2011; Tseng et al., 2017]. In addition, a 169 
meridional SLP dipole pattern over eastern North America and the North Atlantic is 170 
also found to be significantly related to the following PMM during the AMJ season. 171 
This dipole pattern closely resembles the NAD-related SLP pattern in Figure 1a. 172 
Considering that the NAD is relatively independent of the NPO at different lag/lead 173 
times (not shown), these results show that in addition to the NPO, the NAD may be 174 
another important remote forcing source to affect the PMM. 175 
To examine the possible connection between the NAD and PMM, we show in 176 
Figure 2b the lead–lag correlations of the winter (DJF-averaged) NAD index with 177 
3-month averaged PMM-wind (green line) and PMM-SST (red line) indices for the 178 
period 1979–2015. Hereafter, we denote the year in which the PMM develops as 179 
year(0) and the preceding and following years as year(–1) and year(+1), respectively. 180 
Significant correlation (at the 95% level) between the PMM-wind and NAD indices 181 
first occurs during February–April (FMA), lagging the peak of the NAD during DJF 182 
by approximately two months. After FMA, the correlations increase and exceed the 183 
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99% significance level during AMJ. These significant correlations persist through the 184 
following late fall and early winter [October–December (OND)]. For the PMM-SST 185 
index, significant correlation (at the 95% level) first occurs during AMJ and also 186 
persists until the following OND. In comparison, significant correlation of the 187 
PMM-wind index occurs about two months earlier than that of the PMM-SST index, 188 
which almost coincides with the lagged relationship between the PMM-wind and 189 
PMM-SST indices, as noted previously by Chiang and Vimont [2004]. A similar 190 
lead/lag correlation of the DJF NAO index with 3-month averaged PMM indices was 191 
also performed, but no significant correlations are found (not shown), indicating that 192 
in contrast with the NAO, the NAD may be more closely linked to the PMM. 193 
Figure 3a shows the composite differences in the seasonal evolution of the 194 
PMM-wind (red bars) and PMM-SST (green bars) indices between strongly positive 195 
NAD cases (1988, 1989, 1990, 1991, 2002, and 2006) and strongly negative NAD 196 
cases (1982, 1995, 1997, 2009, and 2010). These strongly positive (negative) NAD 197 
cases are defined as winters (DJF) when the NAD index exceeds one positive 198 
(negative) standard deviation. Significant values of the PMM-wind index begin to 199 
appear during FMA, peak during AMJ, and persist through the following fall (SON). 200 
Significant PMM-SST anomalies begin to appear during AMJ and peak during JJA, 201 
lagging the peak of the PMM-wind anomalies by about two months. Significant 202 
values of the PMM-SST index also persist through SON. These results from the 203 
composite analysis are generally consistent with those from the correlation analysis 204 
presented above. 205 
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We next examine the time series of the AMJ-averaged PMM-wind index from 206 
1980 to 2014 (Figure 3b). From this it can be seen that five out of six strongly positive 207 
NAD cases (denoted by red bars) are followed by a positive value of the PMM-wind 208 
index during the AMJ season (see also the scatterplot of the DJF NAD index versus 209 
the following AMJ PMM-wind index in Figure 3c). This is especially the case for the 210 
1989–1992 period, during which persistent positive anomalies of the PMM-wind 211 
index are preceded by strongly positive NAD-like SLP anomalies. Similarly, four out 212 
of five strongly negative NAD cases (denoted by blue bars) are followed by a 213 
negative value of the PMM-wind index during the AMJ season (see also Figure 3c). In 214 
particular, all four negative values of the PMM-wind index preceded by strongly 215 
negative NAD cases exceed one negative standard deviation. These relationships 216 
support the result that the NAD during winter has an in-phase relationship with the 217 
PMM during the following late spring and early summer. Even though the 218 
observational analysis presented above demonstrates a close relationship between the 219 
NAD and PMM, it has limitations due to the relatively short records with very few 220 
NAD or PMM cases. As shown later, further analyses using longer datasets from the 221 
CMIP5 models support the results based on the observational data. 222 
 223 
4. Potential mechanisms linking the NAD to the PMM 224 
 225 
The results thus far have shown a close connection between variability in the 226 
NAD and PMM at seasonal timescales. To identify possible mechanisms explaining 227 
the dynamical link between the NAD and PMM, we next examine the evolutions of 228 
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the composite differences in SST, surface wind, and precipitation anomalies between 229 
strongly positive and negative NAD cases (Figure 4).  230 
During winter (DJF), when the NAD peaks, the low-level anomalous 231 
anticyclonic flow associated with the southern pole of the NAD covers most regions 232 
of the NTA and NESP. The anticyclonic flow gives rise to northerly and southerly 233 
flow anomalies on its east and west flanks, respectively. The northerly flow anomaly 234 
strengthens northeasterly trade winds and thereby enhances the latent heat flux release 235 
from ocean to atmosphere (not shown), resulting in surface cooling over the NTA 236 
region. On the contrary, the southerly flow anomaly leads to surface warming over the 237 
NESP region through the reduced northeasterly trade winds. At the same time, 238 
anomalous easterlies on the south flank of the NESP anticyclonic flow lead to surface 239 
cooling over the eastern Pacific cold tongue region by enhanced upwelling [Kug et al., 240 
2009]. 241 
During spring (MAM), when the NAD enters its decaying phase, positive and 242 
negative SST anomalies occur respectively over the NESP and cold tongue regions, 243 
resulting in a meridional SST dipole (i.e., the PMM SST pattern) in the eastern Pacific. 244 
At this time, the NTA SST cooling reaches its peak, and can subsequently suppress the 245 
convective activity and precipitation over the off-equatorial region in the vicinity of 246 
the Atlantic ITCZ, which then produces a low-level anticyclonic flow anomaly over 247 
the NESP as a Matsuno-Gill type Rossby wave response [Ham et al., 2013]. To 248 
further verify the role of the NTA SST cooling in influencing circulation anomalies 249 
over the NESP, we performed a simple numerical experiment using the Matsuno–Gill 250 
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model [Matsuno, 1966; Gill, 1980]. The location of the prescribed ideal cooling 251 
source over the NTA region for the model (Figure 5a) is consistent with the 252 
distribution of maximum negative precipitation anomalies associated with the NAD 253 
during MAM in Figure 4b. Corresponding to the cooling over the NTA region, there 254 
are low-level anticyclonic circulation responses over the NESP region (Figure 5b), 255 
leading support to the idea that the NTA SST cooling can force a low-level 256 
anticyclonic flow anomaly over the NESP.  257 
The anticyclonic flow anomaly due to the NTA SST cooling can strengthen and 258 
sustain the anomalous anticyclonic flow over the NESP region, which may act to 259 
further reinforce positive SST anomalies over the NESP region and negative SST 260 
anomalies over the cold tongue region, leading to the development of the PMM. As 261 
the NESP warming gradually develops, the overlying atmosphere then responds by 262 
modulating the strength of northeasterly trade winds that strengthens the initial SST 263 
warming, forming a positive wind–evaporation–SST (WES) feedback [Xie and 264 
Philander, 1994]. The NESP warming extends southwestward and reaches the central 265 
equatorial Pacific during summer via the WES feedback, finally triggering the onset 266 
of an ENSO event. 267 
To examine how much the net heat flux and ocean horizontal/vertical advections 268 
associated with the NAD contribute to the developing PMM SST pattern, a budget 269 
analysis of the mixed layer temperature is applied separately to the subtropical 270 
(140–110°W, 8–20°N) and equatorial (120–70°W, 5°S–5°N) poles of the PMM 271 
meridional SST dipole. Following Kang et al. [2001] and Li et al. [2015], the heat 272 
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budget equation can be derived as follows: 273 
T T T T T T T T T T
u u u v v v w w w Q R
t x x x y y y z z z
               
      = − − − − − − − − − + +
         
,  (1) 274 
where overbars and primes indicate the monthly climatology and anomaly, 275 
respectively. The variables u , v , w , T , Q , and R  denote zonal current, 276 
meridional current, vertical current, ocean temperature, thermal forcing, and residual 277 
terms, respectively. 278 
Figure 6a, b show the evolutions of dominant terms in the SST equation for the 279 
subtropical and equatorial poles of the PMM meridional SST dipole, respectively. 280 
Note that the warming tendency of the subtropical pole is strongest in June, while the 281 
cooling tendency of the equatorial pole is strongest in May. The magnitude of the 282 
cooling tendency of the equatorial pole is greater than that of the warming tendency of 283 
the subtropical pole, indicating that the development of the cooling over the equatorial 284 
eastern Pacific is relatively faster than that of the warming over the NESP. For the 285 
subtropical pole, the net heat flux term is positive from previous winter to summer, 286 
and its magnitude is also large compared with the SST tendency. This is related to the 287 
reduced latent heat flux release from ocean to atmosphere due to the weakened trade 288 
winds and the enhanced incoming shortwave radiation due to the NESP anticyclonic 289 
flow (not shown). This term plays a crucial role in the SST development of the 290 
subtropical pole. The zonal and meridional advection terms are very small (not 291 
shown). Among vertical advection terms, the nonlinear vertical advection term 292 
( w T z −   ) is relatively large, and is mostly in phase with the SST tendency (Figure 293 
6a), indicating that this term is also important for the SST tendency of the subtropical 294 
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pole. Presumably, this is because there is an anomalous downwelling due to the 295 
anomalous anticyclonic flow over the NESP region that weakens the vertical 296 
advection of the anomalous cool water in the subsurface to the surface layer. The 297 
other vertical advection terms are relatively small (not shown). 298 
For the equatorial pole, the anomalous vertical advection term ( w T z−   ) is 299 
almost in phase with the observed SST tendency, and its magnitude is also comparable 300 
to the observed tendency (Figure 6b). This indicates that this term contributes much to 301 
the evolution of the eastern equatorial Pacific SST anomalies associated with the 302 
NAD. Because the mean vertical temperature gradient ( T z  ) is negative in the 303 
eastern equatorial Pacific, the anomalous upwelling ( 0w  ) due to anomalous 304 
easterlies on the south flank of the NESP anticyclonic flow will lead to a continuous 305 
cooling tendency ( 0w T z−    ). In addition, the anomalous zonal advection term 306 
( u T x−   ), the meridional advection term ( v T y−   ), and the net heat flux term 307 
are relatively large, and exhibit a cooling tendency from previous winter to summer. 308 
These three terms also play a role in the development of significant negative SST 309 
anomalies in the eastern equatorial Pacific. The other terms are relatively small during 310 
the developing phase of the eastern equatorial Pacific SST cooling (not shown). 311 
Based on the budget analysis, it is revealed that the SST evolution of the 312 
subtropical pole is somewhat different from that of the equatorial pole. The net heat 313 
flux term ( netQ ) is very important for the development of positive SST anomalies over 314 
the NESP, indicating that subtropical NESP SST anomalies associated the NAD are 315 
predominantly thermodynamically-driven. In contrast, the anomalous vertical 316 
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advection term ( w T z−   ) is dominated in the development of negative SST 317 
anomalies over the eastern equatorial Pacific, indicating that ocean dynamics (i.e., 318 
changes in equatorial upwelling in response to anomalous winds associated with the 319 
NAD) play a crucial role in affecting the SST there. According to the above analysis, 320 
these terms are all related to the NESP anticyclonic flow anomaly associated with the 321 
NAD. This implies that the NESP anticyclonic flow anomaly is a key source of the 322 
PMM meridional SST dipole pattern. Once the NESP anticyclonic flow anomaly is 323 
produced by the NAD, it tends to induce positive and negative SST anomalies 324 
respectively over the NESP and eastern equatorial Pacific regions, contributing to a 325 
meridional SST dipole pattern over the eastern Pacific. 326 
One may wonder why the NAD exerts a persistent effect on the PMM. We 327 
hypothesize that this is because the NAD potentially affects the PMM through both 328 
direct and indirect pathways. The direct effect is through concurrent anticyclonic flow 329 
associated with the wintertime NAD. The indirect effect is that the NAD first induces 330 
negative SST anomalies over the NTA region, and the NTA SST cooling in turn 331 
produces a low-level anticyclonic flow anomaly over the NESP as a Matsuno-Gill 332 
type Rossby wave response [Ham et al., 2013]. Figure 7a illustrates the sequential 333 
evolution of these direct and indirect effects. Once the positive NAD-like SLP 334 
anomalies develop during winter (DJF), their associated anticyclonic flow anomaly 335 
induces negative SST anomalies over the NTA as well as weak positive SST 336 
anomalies over the NESP (or a meridional SST dipole over the eastern Pacific) during 337 
spring (MAM). As the NAD gradually decays, the anomalous NTA SST in turn 338 
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produces an anticyclonic flow anomaly over the NESP as Matsuno-Gill type Rossby 339 
wave response, due to the anomalous convective activity [Ham et al., 2013]. Through 340 
this interbasin interaction between the Atlantic and Pacific Oceans, the anomalous 341 
anticyclonic flow over the NESP further strengthens and persists through summer 342 
(JJA). At the same time, the meridional SST dipole over the eastern Pacific that 343 
strongly couples to the anomalous anticyclonic flow gradually develops during spring 344 
and persists through summer. In this way, the NAD exerts a delayed or prolonged 345 
effect on the PMM through the persistent NESP anticyclonic flow anomaly. Given 346 
that the observational records involve a mixture of various climate signals, the 347 
influences of the NAD on the PMM through the direct and indirect pathways require 348 
further study using a coupled general circulation model (CGCM). 349 
We note that the subtropical anticyclonic flow anomaly associated with the 350 
southern pole of the NAD shows two peaks (Figure 7a). The first peak occurs during 351 
DJF, concurrent with the peak phase of the NAD, which tends to generate weak (not 352 
significant at the 95% confidence level) positive SST anomalies over the NESP region 353 
during late winter and early spring. The second peak occurs during March–June 354 
(MAMJ) when the anticyclonic flow anomaly experiences a further westward 355 
extension into the NESP region, which in turn further amplifies positive SST 356 
anomalies in the region. According to our results, this second peak is very likely to be 357 
related to the NAD-induced NTA SST anomalies, which occur around the same time 358 
(peaking during spring and persisting until summer). Furthermore, we note that the 359 
peak correlation between the DJF NAD index and NTA SST area-averaged over 360 
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(85°W–20°E, 0–15°N) occur during MAM, while the peak correlation between the 361 
MAM NTA SST and PMM-SST index occurs during ASO (Figure 7b). This may 362 
explain why the correlation the DJF NAD index and PMM-SST index reaches 363 
maximum during ASO, as seen in Figure 2b.  364 
 365 
5. CMIP5 multi-model outputs 366 
 367 
We further used the CMIP5 pre-industrial simulations to evaluate if the CMIP5 368 
models can reproduce the relationship between the NAD and PMM. The spatial 369 
patterns and intensities of the PMM have been shown to be reasonably simulated by 370 
most of the CMIP5 models [Lin et al., 2015]. Most of the CMIP5 models can also 371 
capture the NAD-like SLP dipole pattern reasonably well (not shown). The names of 372 
23 CMIP5 models used in the present study are provided in Figure 8. As there are at 373 
least 26 and at most 35 NAD cases in the 100-year simulations of these 23 CMIP5 374 
models, the composite analyses may provide more robust results. Next, we examined 375 
the composite differences of the AMJ-averaged PMM-wind and PMM-SST indices 376 
between strongly positive and negative NAD cases in the CMIP5 models. We found 377 
that 17 of 23 CMIP5 models simulate significant (at the 95% confidence level) 378 
PMM-wind signals after strong NAD cases, with only six of them producing weak or 379 
insignificant PMM-wind signal (Figure 8a). The multi-model ensemble (MME) of 23 380 
CMIP5 models shows that strong NAD cases during the DJF season are followed by a 381 
significant value of the PMM-wind index during the following AMJ season. Similarly, 382 
16 of 23 CMIP5 models simulate significant PMM-SST signals after strong NAD 383 
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cases, with only seven producing weak PMM-SST signal (Figure 8b). These CMIP5 384 
model results, which are consistent with results based on observations, support that 385 
the PMM pattern the AMJ season is related to the previous winter NAD variability. 386 
The evolutions of SST and surface wind anomalies for strong NAD cases are 387 
also evaluated in the CMIP5 pre-industrial simulations. Because the SST and surface 388 
wind magnitudes differ considerably among the models, composite SST and surface 389 
anomalies are normalized by their temporal standard deviations before taking the 390 
multi-model ensemble mean. Figure 9 shows the ensemble-mean composite map of 391 
the 3-month averaged SST and surface wind anomalies between strongly positive and 392 
negative NAD cases. Consistent with the observation, the CMIP5 model result also 393 
shows that there are significant negative SST anomalies over the NTA region during 394 
winter (DJF). These NTA SST anomalies persist until the following spring (i.e., MAM) 395 
and subsequently force a low-level anticyclonic flow anomaly over the NESP, 396 
strengthening the latter and in turn leading to the development of the PMM SST 397 
pattern. These processes involved in the influence of the NAD on the PMM in the 398 
CMIP5 pre-industrial simulations are generally similar to those in observations. The 399 
similarity with observations supports the idea that the NAD can indeed exert a marked 400 
effect on the PMM through its influence on the NTA SST and then NESP anticyclonic 401 
flow. However, note that the CMIP5 multi-model ensemble mean fails to simulate the 402 
warming over the central equatorial Pacific during the JJA and SON seasons as shown 403 
in observational analysis (Figure 4), possibly because the equatorward extension of 404 
the PMM is not well simulated in most of the CMIP5 models [Lin et al., 2015]. 405 
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Larson and Kirtman [2014] showed that the models in the North American 406 
Multimodel Ensemble (NMME) prediction experiment also do not reproduce the 407 
predictive potential of the PMM for the central equatorial Pacific warming seen in 408 
observations. 409 
 410 
6. Dynamic links among the NAD, PMM, and ENSO 411 
 412 
As mentioned earlier, previous studies have demonstrated that the NPO may be 413 
an important atmospheric forcing source of the PMM, and the PMM in turn works as 414 
an effective conduit through which the NPO influences ENSO [Chang et al., 2007; 415 
Zhang et al., 2009; Yu et al., 2010; Yu and Kim, 2011]. As such, it is important to ask 416 
whether a similar dynamic link between the NAD, PMM, and ENSO exists. As shown 417 
in Figure 4, the NAD first induces a PMM-like meridional SST dipole during spring, 418 
and the WES feedback then extends the PMM-related SST anomalies over the NESP 419 
southwestward towards the central equatorial Pacific during summer, which can 420 
subsequently force anomalous westerly over the western equatorial Pacific that may 421 
trigger an ENSO event the following winter. This suggests that the PMM may also 422 
play a vital role in linking the NAD to ENSO. 423 
To further explore the role of the PMM in linking the NAD to ENSO, we 424 
calculated the partial correlations between the winter NAD index and the tropical 425 
Pacific SST anomalies a year later by removing the linear effect of the AMJ 426 
PMM-wind index. Without removing the PMM effect, significant positive and 427 
negative correlations between the winter NAD index and SST anomalies the 428 
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following winter are seen in the central and western equatorial Pacific, respectively 429 
(Figure 10a), consistent with the results of Ding et al. [2017b]. However, after 430 
removing the PMM effect, significant correlations are absent in most regions of the 431 
equatorial Pacific, and the central equatorial Pacific warming becomes indistinct 432 
(Figure 10b). 433 
Furthermore, when the DJF NAD index and the following AMJ PMM-wind 434 
index are stratified by whether they have the opposite or same sign, we note that the 435 
correlation between the winter NAD index and the Niño4 index a year later is high (R 436 
= 0.88) when the NAD index has the same sign as the PMM-wind index (Figure 10c), 437 
whereas the correlation is only −0.37 when they have the opposite sign (Figure 10d). 438 
Similar results can be obtained if the MAM NTA SST area-averaged over 439 
(85°W–20°E, 0–15°N) is used instead of the DJF NAD index (not shown). The results 440 
presented above support the hypothesis that the PMM may provide an important 441 
bridge (or conduit) in the connection between the North Atlantic forcings (including 442 
the NAD and NTA SST) and ENSO. 443 
The preceding analysis establishes a possible dynamic link between the NAD, 444 
PMM, and ENSO. It should be noted that the existence of this dynamic link may have 445 
important implications for prediction and understanding of the Central Pacific El Niño 446 
(CP El Niño) [Yu and Kao, 2007; Kao and Yu, 2009]; also termed the Date Line El 447 
Niño [Larkin and Harrison, 2005], El Niño Modoki [Ashok et al., 2007], or 448 
warm-pool El Niño [Kug et al., 2009] whose action center is over the central 449 
equatorial Pacific, different from the canonical eastern Pacific El Niño (EP El Niño). 450 
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Note in Figure 4 that the NAD initiates the warming over the central equatorial 451 
Pacific through its influence on the PMM during summer, and afterwards this 452 
warming does not extend to the eastern Pacific, but instead is sustained and trapped in 453 
the central equatorial Pacific. This suggests that the NAD tends to be closely related 454 
to the development of the CP El Niño, as noted in Ding et al. [2017b].  455 
The key distinctive role of the NAD is to induce both the PMM and persistent 456 
anomalous easterly over the eastern equatorial Pacific through its delayed effect on 457 
the NTA SST (see Figure 4). The equatorial easterly flow over the eastern Pacific is 458 
known to suppress SST warming by anomalous upwelling through Ekman transport 459 
[Kug et al., 2009], and therefore limits the eastward propagation of warm SST 460 
anomalies originally over the central equatorial Pacific. In this way, the NAD may 461 
play an important role in the development of the CP El Niño. The fact that the NAD 462 
acts as an effective extratropical forcing of the CP El Niño supports the idea that the 463 
CP El Niño may be an extratropically excited mode of the tropical Pacific variability 464 
[Yu and Kim, 2011].  465 
 466 
7. Summary and discussion 467 
 468 
The focus of this study was to examine the relationship between the North 469 
American SLP dipole (NAD) and Pacific meridional mode (PMM). We have found 470 
that beyond the well-known influence of the NPO, the NAD could have a significant 471 
impact on the development and evolution of the PMM, as supported by significant 472 
correlations of the wintertime NAD index with the PMM indices (including the 473 
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PMM-wind and PMM-SST indices) for lead times of several months to almost a year.  474 
We present a potential schematic diagram in Figure 11 that summarizes two 475 
dominant pathways through which the winter NAD affects the subsequent PMM. The 476 
winter NAD can affect the surface winds and SST over the NESP immediately after 477 
the peak of the NAD through concurrent anticyclonic flow associated with the NAD, 478 
which tends to generate a weak initial warming over the NESP region during late 479 
winter and early spring. In addition to this direct pathway, the winter NAD can induce 480 
SST cooling over the NTA region during spring. Then, the NTA SST cooling produces 481 
a low-level anticyclonic flow anomaly over the NESP as a Matsuno-Gill type Rossby 482 
wave response [Ham et al., 2013], which further strengthens the anomalous 483 
anticyclonic flow and surface warming over the NESP, thereby causing the 484 
development of the PMM in the following months. In this way, the NAD exerts a 485 
delayed or prolonged effect on the PMM through the persistent NESP anticyclonic 486 
flow anomaly.  487 
A heat budget analysis reveals that the NESP anticyclonic flow associated with 488 
the NAD influences the subtropical and equatorial poles of the PMM in a different 489 
way. The net heat flux term ( netQ ) due to the weakened trade winds on the west flank 490 
of the NESP anticyclonic flow is very important for the development of positive SST 491 
anomalies over the subtropical pole of the PMM, while the anomalous vertical 492 
advection term ( w T z−   ) due to anomalous easterlies on the south flank of the 493 
NESP anticyclonic flow makes a major contribution to the development of negative 494 
SST anomalies over the equatorial pole of the PMM.  495 
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The present analysis also suggests that the NAD-related PMM warming over the 496 
NESP may extend equatorward through the WES feedback that in turn initiates the 497 
central equatorial Pacific warming during summer. Therefore, the PMM plays a vital 498 
role in linking the NAD to ENSO. It follows that there may exist a new dynamic link 499 
among the NAD, PMM, and ENSO at seasonal timescales. In contrast to the known 500 
NPO-PMM-ENSO link [Yu and Kim, 2011; Kim et al., 2012; Lin et al., 2015], this 501 
NAD-PMM-ENSO link also appears to be closely linked to the CP-type El Niño. 502 
Given that the ability to predict the CP El Niño is limited and has a shorter lead time 503 
compared with the EP El Niño [Imada et al., 2015], this new link may offer a new 504 
perspective on prediction and understanding of the CP El Niño. 505 
Even though our results emphasize the effect of the NAD on the CP El Niño 506 
through the PMM, it has limitations due to the limited number of available NAD, 507 
PMM, or CP El Niño events in observations. The role of the NAD in the generation of 508 
the CP El Niño needs further investigation using a CGCM that can properly simulate 509 
the relationship between the PMM and CP El Niño. In addition, recent studies have 510 
noted that CP El Niño events have occurred frequently since the 1990s [Lee and 511 
McPhaden, 2010]. Interestingly, both the relationships between the NAD and CP El 512 
Niño (its variability represented by the Niño4 index) [Ding et al., 2017b], and 513 
between the PMM and CP El Niño [Yu et al., 2015] show a consistent strengthening 514 
from the 1990s onwards. This implies that the role of the NAD in triggering the CP El 515 
Niño through the PMM conduit may be stronger after the 1990s when CP El Niño 516 
events are frequently observed. Given the strengthened NAD influence on the 517 
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subsequent CP El Niño, further research is also needed to enhance scientific 518 
understanding of the NAD-PMM-CP El Niño dynamic link and to consider the 519 
implications of this dynamic link in terms of improving predictions of different types 520 
of El Niño event. 521 
It is also important to note that because both the NAD and NPO exert substantial 522 
influences on the PMM, the NAD influence on the PMM possibly interferes or 523 
interacts with the NPO effect, depending on the sign of their indices [Ding et al., 524 
2017b]. In Figure 3b, there is one strongly positive NAD case that is not followed by 525 
a positive value of the PMM-wind index during the AMJ season, and also one 526 
strongly negative NAD case that is not followed by a negative value of the AMJ 527 
PMM-wind index. This breakdown of the NAD-PMM relationship in these two cases 528 
is possibly because of the interference between the NPO- and NAD-related SST and 529 
wind anomalies over the NESP region. This implies that we should also consider the 530 
influence of the NPO when judging whether the NAD exerts a marked effect on the 531 
PMM, and vice versa.  532 
 533 
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Figure Captions 692 
 693 
Figure 1. (a) Spatial pattern of winter [December–February (DJF)] averaged SLP 694 
anomalies correlated with the concurrent NAD index. Areas with a correlation 695 
significant at or above the 95% confidence level based on a two-tailed Student-t 696 
test are shaded. (b) Time series of the winter (DJF) NAD index. To isolate the 697 
internal variability of the NAD independent of ENSO, the ENSO effect is 698 
removed from the NAD index using linear regression with respect to the Niño3.4 699 
index (SST averaged over the region 170–120°W, 5°S–5°N). 700 
Figure 2. (a) Correlations of the AMJ-averaged PMM-wind index with the previous 701 
winter SLP anomalies. Areas with a correlation significant at or above the 95% 702 
confidence level are shaded. (b) Lead–lag correlations of the winter 703 
(DJF-averaged) NAD index with 3-month averaged PMM-wind (red line) and 704 
PMM-SST (green line) indices. The year in which the PMM develops is denoted 705 
as year(0), and the preceding and following years as year(–1) and year(+1), 706 
respectively. The horizontal dashed lines show the 95% and 99% confidence 707 
levels, respectively. 708 
Figure 3. (a) Composite differences in the seasonal evolution of the PMM-wind (red 709 
bars; scale on the left y-axis) and PMM-SST (green bars; scale on the right 710 
y-axis) indices between strongly positive NAD cases (1988, 1989, 1990, 1991, 711 
2002, and 2006) and strongly negative NAD cases (1982, 1995, 1997, 2009, and 712 
2010). Error bars indicate the 95% confidence intervals based on a t-test. (b) 713 
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Time series of the AMJ-averaged PMM-wind index from 1980 to 2014. Note that 714 
the years with strongly positive and negative NAD cases during the previous 715 
winter are denoted by red and blue bars, respectively. (c) Scatterplot of the 716 
DJF-averaged NAD index versus the following AMJ-averaged PMM-wind index. 717 
The correlation coefficient between the NAD and PMM-wind indices is given in 718 
the upper left corner. 719 
Figure 4. Composite differences of the 3-month averaged SST (°C; shaded), surface 720 
wind (m s–1; vectors), and precipitation (mm day−1; stippled) anomalies between 721 
strongly positive and negative NAD cases for (a) DJF concurrent with the NAD, 722 
and several lead times ((b) MAM, (c) JJA, and (d) SON). Only SST and surface 723 
wind anomalies significant at the 95% confidence level based on a t-test are 724 
shown. Positive (green) and negative (red) precipitation anomalies significant at 725 
the 95% confidence level are stippled. 726 
Figure 5. (a) Distribution of the prescribed ideal cooling over the NTA region for the 727 
Matsuno–Gill model. The location of the prescribed ideal cooling source is 728 
consistent with the distribution of maximum negative precipitation anomalies 729 
during MAM in Figure 4b, with strength decreasing from the center to the 730 
surroundings. (b) Analytical solutions for horizontal winds forced by the cooling 731 
in (a). 732 
Figure 6. (a) Composites differences of dominant terms (Unit: °C month−1) in the SST 733 
equation for the subtropical (140–110°W, 8–20°N) pole of the PMM between 734 
strongly positive and negative NAD cases. (b) As in (a) but for composites 735 
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differences of dominant terms in the SST equation for the equatorial (120–70°W, 736 
5°S–5°N) pole of the PMM. 737 
Figure 7. (a) Lead–lag regressions of the 3-month running mean subtropical stream 738 
function at 850 hPa (meridionally averaged over 9°−29°N; 107 m2 s–1; shaded) 739 
and SST (meridionally averaged over 5°−20°N; °C; contours) onto the winter 740 
[December(–1)–February(0)] NAD index from September(–1) to December(0). 741 
Only stream function and SST anomalies significant at the 95% confidence level 742 
are shown. (b) Lead–lag correlations of the DJF NAD index with 3-month 743 
averaged NTA SST area-averaged over (85°W–20°E, 0–15°N) (red line), and 744 
lead–lag correlations of the MAM NTA SST with 3-month averaged PMM-SST 745 
index (green line). The horizontal dashed lines show the 95% and 99% 746 
confidence levels, respectively. 747 
Figure 8. Composite differences of the AMJ-averaged (a) PMM-wind and (b) 748 
PMM-SST indices between strongly positive and negative NAD cases in 23 749 
CMIP5 models. Also shown the multi-model ensemble (MME) of 23 CMIP5 750 
models. Error bars indicate the 95% confidence intervals based on a t-test. 751 
Figure 9. Ensemble-mean composite differences of the 3-month averaged SST (°C; 752 
shaded) and surface wind (m s–1; vectors) anomalies between strongly positive 753 
and negative NAD cases from 23 CMIP5 models for (a) DJF concurrent with the 754 
NAD, and several lead times ((b) MAM, (c) JJA, and (d) SON). Only SST and 755 
surface wind anomalies significant at the 95% confidence level based on a t-test 756 
are shown. 757 
 35 
Figure 10. (a) Correlation map of the winter (DJF) NAD index with the tropical 758 
Pacific SST anomalies a year later. (b) Partial correlations of the winter NAD 759 
index with the tropical Pacific SST anomalies a year later by removing the linear 760 
effect of the following AMJ PMM-wind index. (c) Scatterplot of the DJF NAD 761 
index versus the Niño4 index a year later, plotted only for those years in which 762 
the DJF NAD index has the same sign as the following AMJ PMM-wind index. 763 
(d) As for (c) but for only those years in which the DJF NAD index has the 764 
opposite sign as the AMJ PMM-wind index. In (a) and (b), areas with a 765 
correlation significant at or above the 95% confidence level are shaded. In (c) 766 
and (d), the correlation coefficient of the winter NAD and the Niño4 index a year 767 
later is given in the upper left corner. 768 
Figure 11. Schematic representation of direct and indirect pathways through which 769 
the winter NAD affects the subsequent PMM. (a) The direct pathway: the winter 770 
NAD can directly affect the SST and surface winds over the NESP through 771 
concurrent anticyclonic flow associated with the NAD. (b) The indirect pathway: 772 
the winter NAD induces the SST cooling over the NTA region during spring, and 773 
the NTA SST cooling in turn produces a low-level anticyclonic flow anomaly 774 
over the NESP. A heat budget analysis reveals that the reduced latent heat flux 775 
(LHF) release from ocean to atmosphere due to the weakened trade winds on the 776 
west flank of the NAD-associated anticyclonic flow is very important for the 777 
development of positive SST anomalies over the subtropical pole of the PMM, 778 
while the anomalous upwelling due to anomalous easterlies on the south flank of 779 
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the NAD-associated anticyclonic flow makes a major contribution to the 780 
development of negative SST anomalies over the equatorial pole of the PMM. 781 
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Figure 1. (a) Spatial pattern of winter [December–February (DJF)] averaged SLP 
anomalies correlated with the concurrent NAD index. Areas with a correlation 
significant at or above the 95% confidence level based on a two-tailed Student-t test 
are shaded. (b) Time series of the winter (DJF) NAD index. To isolate the internal 
variability of the NAD independent of ENSO, the ENSO effect is removed from the 
NAD index using linear regression with respect to the Niño3.4 index (SST averaged 
over the region 170–120°W, 5°S–5°N). 
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Figure 2. (a) Correlations of the AMJ-averaged PMM-wind index with the previous 
winter SLP anomalies. Areas with a correlation significant at or above the 95% 
confidence level are shaded. (b) Lead–lag correlations of the winter (DJF-averaged) 
NAD index with 3-month averaged PMM-wind (red line) and PMM-SST (green line) 
indices. The year in which the PMM develops is denoted as year(0), and the 
preceding and following years as year(–1) and year(+1), respectively. The horizontal 
dashed lines show the 95% and 99% confidence levels, respectively. 
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Figure 3. (a) Composite differences in the seasonal evolution of the PMM-wind (red 
bars; scale on the left y-axis) and PMM-SST (green bars; scale on the right y-axis) 
indices between strongly positive NAD cases (1988, 1989, 1990, 1991, 2002, and 
2006) and strongly negative NAD cases (1982, 1995, 1997, 2009, and 2010). Error 
bars indicate the 95% confidence intervals based on a t-test. (b) Time series of the 
AMJ-averaged PMM-wind index from 1980 to 2014. Note that the years with 
strongly positive and negative NAD cases during the previous winter are denoted by 
red and blue bars, respectively. (c) Scatterplot of the DJF-averaged NAD index 
versus the following AMJ-averaged PMM-wind index. The correlation coefficient 
between the NAD and PMM-wind indices is given in the upper left corner. 
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Figure 4. Composite differences of the 3-month averaged SST (°C; shaded), surface 
wind (m s–1; vectors), and precipitation (mm day−1; stippled) anomalies between 
strongly positive and negative NAD cases for (a) DJF concurrent with the NAD, and 
several lead times ((b) MAM, (c) JJA, and (d) SON). Only SST and surface wind 
anomalies significant at the 95% confidence level based on a t-test are shown. 
Positive (green) and negative (red) precipitation anomalies significant at the 95% 
confidence level are stippled. 
 41 
 
Figure 5. (a) Distribution of the prescribed ideal cooling over the NTA region for the 
Matsuno–Gill model. The location of the prescribed ideal cooling source is 
consistent with the distribution of maximum negative precipitation anomalies during 
MAM in Figure 4b, with strength decreasing from the center to the surroundings. (b) 
Analytical solutions for horizontal winds forced by the cooling in (a). 
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Figure 6. (a) Composites differences of dominant terms (Unit: °C month−1) in the 
SST equation for the subtropical (140–110°W, 8–20°N) pole of the PMM between 
strongly positive and negative NAD cases. (b) As in (a) but for composites 
differences of dominant terms in the SST equation for the equatorial (120–70°W, 
5°S–5°N) pole of the PMM. 
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Figure 7. (a) Lead–lag regressions of the 3-month running mean subtropical stream 
function at 850 hPa (meridionally averaged over 9°−29°N; 107 m2 s–1; shaded) and 
SST (meridionally averaged over 5°−20°N; °C; contours) onto the winter 
[December(–1)–February(0)] NAD index from September(–1) to December(0). Only 
stream function and SST anomalies significant at the 95% confidence level are 
shown. (b) Lead–lag correlations of the DJF NAD index with 3-month averaged 
NTA SST area-averaged over (85°W–20°E, 0–15°N) (red line), and lead–lag 
correlations of the MAM NTA SST with 3-month averaged PMM-SST index (green 
line). The horizontal dashed lines show the 95% and 99% confidence levels, 
respectively. 
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Figure 8. Composite differences of the AMJ-averaged (a) PMM-wind and (b) 
PMM-SST indices between strongly positive and negative NAD cases in 23 CMIP5 
models. Also shown the multi-model ensemble (MME) of 23 CMIP5 models. Error 
bars indicate the 95% confidence intervals based on a t-test. 
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Figure 9. Ensemble-mean composite differences of the 3-month averaged SST (°C; 
shaded) and surface wind (m s–1; vectors) anomalies between strongly positive and 
negative NAD cases from 23 CMIP5 models for (a) DJF concurrent with the NAD, 
and several lead times ((b) MAM, (c) JJA, and (d) SON). Only SST and surface 
wind anomalies significant at the 95% confidence level based on a t-test are shown. 
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Figure 10. (a) Correlation map of the winter (DJF) NAD index with the tropical 
Pacific SST anomalies a year later. (b) Partial correlations of the winter NAD index 
with the tropical Pacific SST anomalies a year later by removing the linear effect of 
the following AMJ PMM-wind index. (c) Scatterplot of the DJF NAD index versus 
the Niño4 index a year later, plotted only for those years in which the DJF NAD 
index has the same sign as the following AMJ PMM-wind index. (d) As for (c) but 
for only those years in which the DJF NAD index has the opposite sign as the AMJ 
PMM-wind index. In (a) and (b), areas with a correlation significant at or above the 
95% confidence level are shaded. In (c) and (d), the correlation coefficient of the 
winter NAD and the Niño4 index a year later is given in the upper left corner. 
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Figure 11. Schematic representation of direct and indirect pathways through which 
the winter NAD affects the subsequent PMM. (a) The direct pathway: the winter 
NAD can directly affect the SST and surface winds over the NESP through 
concurrent anticyclonic flow associated with the NAD. (b) The indirect pathway: the 
winter NAD induces the SST cooling over the NTA region during spring, and the 
NTA SST cooling in turn produces a low-level anticyclonic flow anomaly over the 
NESP. A heat budget analysis reveals that the reduced latent heat flux (LHF) release 
from ocean to atmosphere due to the weakened trade winds on the west flank of the 
NAD-associated anticyclonic flow is very important for the development of positive 
SST anomalies over the subtropical pole of the PMM, while the anomalous 
upwelling due to anomalous easterlies on the south flank of the NAD-associated 
anticyclonic flow makes a major contribution to the development of negative SST 
anomalies over the equatorial pole of the PMM. 
